A self-consistent chiral Dirac-Hartree-Fock (CDHF) approximation generated by an effective model of the ( , , σ ω π ) quantum hadrodynamics (QHD)
Introduction
The relativistic mean-field models of Quantum Hadrodynamics (QHD) have essentially provided a realistic description of bulk properties of nuclear matter, finite nuclei and finite Fermi systems [1] - [6] , and astrophysical high density matter such as neutron stars [7] [8] [9] [10] [11] . The successes and difficulties of QHD have been examined by many researchers. In order to overcome difficulties, QHD has been extended to effective theories, such as the chiral QHD be constructed by Feynman diagram method, since truncations of higher order interaction processes, retardation and nonlinear interactions make self-consistency ambiguous and doubtful. The self-consistency must be examined and controlled in terms of conserving approximations when sophisticated higher order corrections are introduced [21] [25]- [31] .
The chiral mean-field Lagrangian is sufficiently discussed in Refs. [12] [16] [22] . Based on the Hartree-Fock energy density, HF  , discussed in Ref. [22] , the current energy density with vertex corrections is defined and denoted as HFV  : 
where i n is the particle occupation number and 
k is the self-consistent baryon single particle energy. The baryon density is calculated in the ground state of nuclear matter ( 0 T = , zero-temperature) as: 3 2 , 6π
where ζ is the spin-isospin degeneracy factor and 2 ζ = (neutron matter), 4 ζ = (nuclear matter). The Hartree energy density,
where the constant, 
and ( )
, , α σ ω π = ) are meson nonlinear interactions produced by spontaneous symmetry breaking (see Ref. [22] for explicit expressions).
The self-consistent scalar vertex corrections are denoted as
, , α σ ω π = ) for sigma, omega, and pi mesons; self-energy corrections are introduced diagrammatically as shown in Figure 2 , and they are defined by,
which lead to the exchange energy density (5), and θ is the angle between momentums, k and q . 
H. Uechi
can produce the equation for single particle energy and self-energies as:
and by requiring the terms in the functional differential form in the right-hand side equal to 0, the self-consistent single particle energy, ( ) i E k , is rigorously obtained, and coupled functional integro-differential equations for self-energies are generated. As specific examples, solutions from Feynman-diagram method and thermodynamic consistency are identical within Hartree and static-limit of HF approximations [23] . This is equivalent to saying that the functional derivatives of energy density with respect to 
The modified momentum,
where
The meson propagators are given by,
.
, ,
The self-energies are then related to dynamical variables and classical fields as: 
and 0 k is the self-consistent single particle energy, ( ) 
Because Green' function is functionally connected to the particle distribution, i n , the effective interaction can be considered equivalent to the effective two-body quasiparticle interactions:
The effective quasiparticle interaction is given by the self-consistently renormalized nucleon and meson propagators given by
As the first approximation to ( ) , ,
Though numerical calculations demand computing time, it is possible to evaluate the whole system of integral equations by using a modern personal com- 
Numerical Results for Nuclear Matter and Neutron Stars
As vertex corrections, 
Then, the results are used to compute energy density,  . However, if saturation conditions are not satisfied, the whole calculation is repeated by adjusting values of coupling constants and effective mass of sigma meson, , , g g m ω σ [22] . After convergences of calculations, self-consistency must be checked with the energy density. If the requirement of self-consistency is maintained, it is physically reliable, and if not, it indicates that something is not physically correct and the approximation must be rejected [26] .
Self-consistency, or equivalently thermodynamic consistency in the current HDHF approximation and saturation mechanism are checked and controlled, indicating that the approximation and numerical scheme be physically and numerically acceptable (convergences in single particle energies are confirmed up to a high density Figure 5 . Therefore, the current HDHF approximation can be employed to study properties of nuclear matter and neutron stars, which are calculated with parameter values listed in Table 1 . The calculation of neutron stars requires neutron matter which should be defined by consistent nuclear matter calculation by changing isospin degrees of freedom, and therefore, thermodynamic consistency is also required for applications to high-density astronomical objects to obtain physically consistent results.
In solid state physics, scalar vertex corrections may be important [20] [34], but the scalar vertex corrections to DHF in nuclear physics are not so significant (about 1% corrections at most around saturation density), though mechanism of vertex corrections is complex. This is physically expected for the lowest-order effective-interaction corrections, because the mediator particle in QED is mass- 
Conclusions
The condition of nuclear matter saturation, 15.75 MeV The HDHF approximation will be extended by including Ring, Ladder and other classes of diagrams and electromagnetic interactions. Properties of nuclear matter and neutron stars, applications to nuclear fission [37] [38] and radiation mechanism will be investigated in the near future. θ θ θ ϕ are shown as in Figure 7 .
In order to integrate with respect to ( ) The Equations (16)- (18) are to be evaluated, and because they have a similar integration-core structure, it suffices to evaluate ( ) 
